Introduction
Iron-sulphur clusters are the redox active cofactors of proteins which function as water soluble electron carriers, exemplified by bacterial ferredoxins and high-potential iron proteins. They are also found as electron storage centres in high-molecular-mass multi-component enzymes such as hydrogenase, nitrogenase, sulphite and nitrite reductases [ 13.
Typical examples contain a core of iron and acidlabile sulphide, [2Fe-2SI2+/l+ and [4Fe-4S]3+/2+/I+, liganded to the polypeptide chain by four thiolate groups of cysteine. Examples are now known in which the [2Fe-2S] core is liganded by two thiols and two imidazole groups of histidine residues [2] . This appears to be the case for the Rieske protein of mitochondria1 and photosynthetic electrontransport chains. Recently examples of noncysteinyl co-ordination of the [4Fe-4S] core have also appeared [3, 41 . Each of these electrontransfer/storage clusters undergo only a singleelectron redox cycle within a given protein and within a potential range of about 1.5 V. Since all coordination positions to the core cluster are occupied by protein ligands reaction is possible only with an electron and sometimes with a proton; but not with more bulky ligands, as would be required typically for direct catalysis.
In 1981 [5] it was shown that some simple bacterial ferredoxins, such as the 2[4Fe-4S] ferredoxin from Clostridium pasteurziznum, under oxidative stress release one iron atom to generate a novel product identified by e.p.r. and low-temperature magnetic c.d. (m.c.d.) spectroscopy as a three-iron cluster, proposed to contain the core [ 3Fe-4SI I +/'. This was the first evidence to suggest that release of iron from a [4Fe-4S] cluster might occur readily under oxidizing conditions. The discovery led rapidly to the realization that the well-known ferrous ion activation of the enzyme aconitase corresponds to the reverse process, that is, to the reductive gain of iron(I1) to generate a [4Fe-4SI2+
Abbreviations used: IKE-BP, iron-regulated mRNAbinding protein; IRE, iron-responsive element; Fd, ferredoxin; PGE, pyrolytic graphite edge; CV, cyclic voltammetric scan; SHE, standard hydrogen electrode. core which becomes the catalytically-active centre [6] . After several years of conflict between spectroscopic and X-ray diffraction evidence, over the structure of the three-iron cluster, several recent X-ray structure determinations have vindicated the conclusions originally drawn from spectroscopic data [7] . The three-iron cluster is a cube with one iron atom missing from the corner [8, 91. Only three cysteine thiols are required to bind this core to the polypeptide. The structural basis of the three-four iron interconversion is shown in Fig. 1 and can be expressed chemically as
The X-ray structure determination of pig heart aconitase shows that the catalytic centre is a [4Fe-4SI2+ core ligated by only three thiolate groups and that the labile fourth iron is not co-ordinated by a protein side-chain [lo, 111. Extensive spectroscopic evidence shows that the substrate can interact directly with one iron atom of the cube; in so doing the co-ordination number of the iron atom increases by simultaneous ligation of one or two substrate oxygen atoms in addition to an oxygen atom (OH/H,O) present in the resting enzyme [ 121. Since this catalytic iron atom is readily lost, the activity of the enzyme may be regulated by the Fe(I1) activity within the mitochondrion and, possibly, by the prevailing electrochemical potential. ufrzcanus) [21] and Fd (Pfuriosus) the amino acid sequence shows insufficient cysteine ligands for the cluster [M3Fe-4S] to be ligated by four thiolate groups. In place of the expected cysteine residue an aspartic acid group is found suggesting that carboxylate may be a ligand to the added metal ion, M.
These discoveries raise a host of new questions about the chemistry of these processes and also about their possible biological roles. What are the features of the protein structure that lead to metal-ion lability from afh'cunus [23] . Both proteins contain one [3Fe-4S]'+/' and one [4Fe-4SI2+/'+ core when aerobically isolated [24] . However, in the case of A. chroococcum Fd I the sequence contains nine cysteines and in the latter only seven cysteine residues. A wealth of spectroscopic evidence [25] shows that A. chroococcum Fd I is similar if not identical to that of Azotobucter vinelandii, Fd I , whose X-ray structure has recently been re-determined by two different groups [8, 91 . Fd 111, D.
afriunus undergoes rapid and facile uptake of various metal ions [3] at the [3Fe-4SIo cluster whereas Fd I from A. chroococcum is unreactive when highly purified. We have developed combined electrochemical and spectroscopic methods to enable these transformation processes to be studied quantitatively [26, 271. 
Experimental methodology
While identification of the type and redox status of iron-sulphur clusters is difficult to achieve, due to the broad, rather featureless u.v.-visible spectra, e.p.r. and m.c.d. spectroscopy under conditions of low-temperature provide useful diagnostic signatures of the electronic spin, g-values and zero-field splitting parameters of the various cluster oxidation states [28-301. However, these methods require substantial sample and it can be difficult to manipulate proteins under critical conditions of controlled low potential. We have discovered that specific cluster transformations in Fds can be identified and investigated by a rapid voltametric procedure that uses, in practice, a fraction of a nanomole per experiment and permits equilibrium and kinetic parameters to be obtained [20, 26, 271 . The technique extends our recent discovery that Fds coabsorb with amino-cyclitols at a pyrolytic graphite edge (PGE) electrode giving a stable electroactive film [26, 261 . The PGE surface is rich in acidic oxides (pK, -5.6) and interacts with proteins bearing negatively-charged surface domains in the presence of multi-charged cations such as aminosugars which provide an 'ionic bridge'. Fast, direct electron transfer can take place between the protein and the electrode surface [31] . To prepare electroactive films about 2 PI, of an ice-cold solution of Fd, typically about 100 PM in 0.1 M NaCI, mixed buffer containing about 2 mM neomycin sulphate and 100 PM EGTA were spread evenly across the surface (area -0.2 cm2) of a freshly polished, chilled PGE electrode. When transferred promptly into an Marked changes between the m.c.d. spectra of the alkaline and acidic forms indicate that protonation occurs at the cluster or is linked directly to cluster reorganization [24] . Apart from the cluster in Rzotobucter Fd no other [3Fe-4SI1+'" redox couple has been discovered to be pH dependent.
Results and discussion

/ I \ (C) GLN-GLU-CYS CYS-X-X-CYS-X-X-CYS
The [4Fe=4SIm+ cluster in Fd I, A chroococcum, undergoes a one-electron reduction from m = 2 to m = l at a value of E0'=-645k10 mV versus SHE at pH 8.3. There is only a slight pH dependence. This represents one of the lowest potentials determined directly for a biological ironsulphur cluster.
The presence of two clusters in a relatively low-molecular-mass Rates and equilibria of metal-ion uptake for protein molecules confined to the electrode surface depend upon the identity and concentration of the metal ion. The height of each CV peak is proportional to the concentration of the redox active species present. Hence a study of these peaks as a function of Fe(I1) concentration enables cluster-metal dissociation constants to be determined. Values of Kd.
the equilibrium dissociation constant given by {M2+){ 3Fe-4S]o)/{M3Fe-4S]2+} (see Table 1) establish an affinity order Cd2+ t Zn2+ %Fez+, as 
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Succinate : ubiquinone reductase (SQR) catalyses the oxidation of succinate to fumarate, resulting in the reduction of ubiquinone to ubiquinol. In mitochondria and aerobic bacteria, ubiquinol donates electrons through an electron transfer system to molecular oxygen, producing water, and driving the synthesis of A T P through the creation of a proton electrochemical gradient. In some bacteria growing with fumarate as the terminal oxidant, menaquinol produced via the oxidation of low-potential substrates in turn reduces fumarate to succinate to a reaction catalysed by menaquinol : fumarate reductase (QFR). This also results in the generation of a proton electrochemical gradient of the same sign as that produced by succinate oxidation. Considering the vectorial nature of energy conservation, it is 
